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Rearrangement collisions between complex
nuclei differ from direct nuclear reactions with
simple nuclear projectiles, at least, in three
aspects: (l) Coulomb effects are stronger.
(2) The dimensions of the projectile are not
small in comparison with the dimensions of
the target nucleus. (3) The transferred parti-
cle is usually not in a state of zero orbital an-
gular momentum in the incident particle.

These effects may lead to unusual experimen-
tal cross sections. Recently, heavy-ion exper-
iments involving both single-particle and clus-
ter transfer at energies well above thb Coulomb
barrier actually exhibited several unusual and
unexpected features. ' ' In some cases the an-

gular distribution is smooth, in other cases
it is oscillatory.

Dodd and Greider suggested~ that the smooth
behavior is due to recoil effects; however, re-
cent measurements by Bock et al. 3 exhibit a
clear oscillatory behavior in many cases, in
contrast with Dodd and Greider's predictions.
The purpose of this note is to provide a sim-
ple explanation for this behavior and to relate
the oscillatory angular distribution in a sim-
ple way to the angular momenta involved in
the reactions.

Our approach is based on the smooth-cutoff
diffraction model (SCDM) for direct nuclear
reactions. ' According to this model the tran-
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sition amplitude for the reaction A(a, b)B (col-
liding systems A, a and separating systems
B,b) has the form of a matrix element between
product wave functions:

T = (4 4 IL (k ,r ), V4 4 y (k ,r )). (1)

Here 4B,4b, 4~, 4a are the internal wave func-
tions for the noninteracting separated particles
B,b, A, a. The interaction V is the interaction
whose off-diagonal matrix elements are respon-
sible for the transition. yb( ) and )t (+) are
the %KB wave functions for the elastic scat-
tering of the pair A, a and B,b, respectively.

For cluster-transfer reactions, particle a
is assumed to form a bound state of particles
b and c while particle B is assumed to form
a bound state of particles A and c, i.e., the
reaction is described symbolically as

A+a -B+b =-A+(c+b)- (A+c)+b,

where closed parantheses denote a bound state.
V is taken to be the interaction between b and
c. The bound-state wave functions are approx-
imated by

&BI»=&A+ciA)

(Lp ZM Ijm)B

jfLf ff flfM mf

x(j m J M IZ~ )(l q I(ZM I, (sa)

(b I a) = (b I c+ b)

= Q 8. Q (L.p.J M 'Ij.m. )

x(f'm. Z M IZ M )IL.p.)l J M '). (3b)
i i b b a a i i c c

Capital letters stand for spins and magnetic
quantum numbers, small letters stand for or-
bital angular momenta and magnetic quantum
numbers. The 8's are the spectroscopic fac-
tors for the bound states.

According to the diffraction model, the re-
action takes place outside the cores b and B,
where the orbital wave functions of the cluster
can be well approximated by

ILp) = U (r )Y (Q )
s s li cb Ii p.; cb

(4a)

(4b)Il g ) =N h "'(iPr )Y (Q ),
lf CA lfpf CA

where Nlf and P are the normalization constant
and the wave number, respectively, for the
final bound state of the cluster c.

The diffraction model furthermore assumes
that because of strong absorption, the dominant
contribution to the reaction comes from regions
where the cores b and A are separated from
each other by a distance larger than the sum
of their radii.

We now make use of an addition theorem. '
cb bA'

(iP ir b-r A
l)Y (Q ) =(4~) Q (-1)' [(2L. +1)(2L +1)/(2l+1)] (LPL P Il g )

(1) . 1/2 2(Lf+L-L ) 1/2
lf cb bA lfJIf cA

x(lOl 0il'0)h (iPr )j,(iPr )Y *(Q )Y, , (Q ).1

We substitute Eqs. (3), (4), and (5) into expression (1) and neglect recoil effects in order to reduce
the T matrix into a product of two three-dimensional integrals. The differential cross section is
given by

8.. 8, 8 8. ,N N,F F,[(2L. +1)(2l.'+1)] P (l0l.OIL 0)
xiii' lf i

fflflf'

where

x(lOl. 'Oil '0)8'(LL.j J;l j.)W(LL. 'j J;l 'j.)Q IT
2

1 l c t Ec s 'p l g
(6)

F =(4m)'"$ r'g (iPr)V(r)U (r)dr
Ii Ii Ii
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and

T = fit(-)*(k, r)h *(ipr)Y (Q)X(+)(k, r)d'r .
EJU. b' E l P, a' (7b)

The most common case is the one when the transferred particle is in definite subshells liji, ifjj
in the projectile and final nucleus, respectively. In this case

a b b a2 82 2 2 2 . 2
E

„,,—I8. I ii8. , i IN I IE, I (2l +1.)g(lol OIL. O) W(ll.j J;f j )Q. IT, 1. (8)
2
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From the triangular rules of the coupling
coefficients, one obtains the following selec-
tion rules:

1+l.+f evyn,
Z

lE.-E I - E - E. +E,i f i f'

~i-i J-E-i.+i

The overlap integrals TE& which are defined
by Eq. (7b) are the standard zero-range over-
lap integrals of the smooth-cutoff diffraction
model for rearrangement collisions. ' Under
the adiabatic condition, ka -kb, they may be

well approximated by analytic expressions.
These expressions are described elsewhere'
for (a) energy well below the Coulomb barrier,
and (b) energy well above the Coulomb barrier
+ large Sommerfeld parameter. In both cases
the theory predicts a smooth behavior of the
differential cross section in good agreement
with the experimental data. Oscillations which
may result from angular momenta and diffrac-
tion effects are damped completely due to strong
Coulomb interaction.

We now consider the case where the energy
is well above the Coulomb barrier and the Som-
merfeld parameter is not too large. In this
case the TE& may be well approximated by

IT I'= ' B 'il' (m/2, 0) I'(8/sin8)[(IA+I'+ IA I'}{J '[(Lo+-,')8]+J 1'[(L +-,')8]
lg 2L+1 I,o lp

+2R (A~A «)jJ [(L +~)8]-J
I

1'[(Lo+3)8]}

+41m(A A )8 [(L +-')8P [(L +-,')8],
Ipi I p, I-&

where

A~ = csc[v5S/2v iwII(8 a 80)J. (1Oa)

L, and 6)0 are the angular momentum and the classical deflection angle, respectively, for a grazing
collision. 5 is the diffuseness in E space of the reflection coefficients gE, for the elastic scattering
of the colliding particles.

(lob)

The other constants which appear in Eqs. (9) and (loa) have the following meanings:

1 (v '1"'
r /2 = p/n, B =,

i ~
exp(-Lo~/2).

LO 2pk (Lab i
(lac)

ln the asymptotic region 8» I p I/La, the Bessel functions may be approximated by their asymptotic
behavior and Eq. (9) is further reduced to'

IT I =4~ fI (2L +l)B (sin8) IA+I + IA I +(-1) 2(Re(A+A *)sin[(2L +1)8]
2 2 2 2 . -1 2 2 E

Lo

+Im(A+A «) cos[(2LO+ 1)8]}.
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FIG. 1. Differential cross section for the reaction B (0,N )C . Elab= 30 MeV. The solid curves were cal-
culated from Eqs. (8) and (9) for proton and Q, -particle transfers. The parameters are listed in Table I. The
dashed lines are Dodd and Greider's predictions for the same transitions.

Expression (11) consists of two contributions:
a smooth part and an oscillatory interference
term proportional t,o

[see selection rule (I)]. The condition for Cou-
lomb damping of the oseillations is 2m580» l.
If this condition is not satisfied we may con-
clude the following'.

(a} For a transfer of a cluster from a defi-
nite subshell l;j; into a definite subshell lj jy,
the angular distribution should exhibit an os-
cillatory structure. Transitions with the same

parity (of I;+lj) are in phase. Transitions with
different parity are out of phase.

(b) If the sum over l in Eq. (6) involves both
odd and even l values, the interference terms
which are out of phase tend to cancel each oth-
er. This situation can result only from a con-
figuration mixing for the transferred particle.

(c) Mixing of f values with different parity
may result also from a transfer of a particle
accompanied by a core excitation.

Comparison with experiments. —To illustrate
our results we apply Eqs. (8) and (9) to the
reaction B"(0",N"}C" (see Figs. 1 and 2).
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FIG. 2. Differential cross section for the reaction 8 (O, N (6.33 MeV))C . Elab=30 MeV. The solid curves
were calculated from Eqs. (8) and (11), neglecting the interference term, for proton and n-particle transfers.
The parameters are listed in Table I.
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Table I. Parameters for the reaction B (O6, Ni )C

Reaction
&lab
(Mev) ep

Bii(Oi6 Ni5)Ci2
Bii(Pi6 Ci2)Ni5
Bii(Oi6 Ni5+)Ci2
Bii(Oi6 Ci2)Ni5+

30
30
30
30

4 6
4.6

4 6

10.5
7.0

10.5
8.5

0.62
0.47
0.62
0.47

35
48
47
58

8.3
6.6
8.3
7.9

1.75
1.40
1.75
1.67

0.25
0.20
0.25
0.20

The forward peak of the angular distribution
is associated with a proton transfer, the back-
ward peak with o.-particle transfer. The pa-
rameters I.o, 5, 80 which determine the angu-
lar distribution mere chosen to give a. rough
fit to experimental data. The binding potentials
were chosen to be of a Woods-Saxon form.
Their parameters were fitted to give the cor-
rect binding energies and the absolute values
of the cross sections. All the parameters are
summarized in Table I. As one expects, the
"effective radius" for the e-particle transfer
is smaller than for the proton transfer.

The deep minimum around 65 in the differen-
tial cross section is not predicted by the theo-
ry. It was suggested' that it may be a j-depen-
dence effect similar to the "I.ee-Schiffer ef-
fect."

Deviations between the experimental results
and our theoretical predictions around 90' may
result from interference between th8 proton
and e-particle transfers, and also from a com-
pound nucleus formation.
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